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Recent research emphasizes that female song is evolutionarily important, yet there are
still few species for which we have quantified the similarities and differences between
male and female song. Comparing song rates and the structure of female and male
song is an important first step to forming hypotheses about functional and evolutionary
differences that may exist between females and males, especially in year-round territorial
species that may use their songs for breeding and non-breeding activities. We compared
female and male singing rates and song structure in a tropical New World oriole, the
Venezuelan troupial (Icterus icterus) during both the breeding and non-breeding season
and between the dawn and day. Males sang solos at particularly high rates during the
breeding season before dawn. Females, however, sang at consistent rates year-round,
primarily during the day. Females answered 75% of male day songs, producing duets,
whereas males answered only 42% of female songs. Duets were common year-round,
but occurred more often during the non-breeding season. Structurally, female songs
were higher pitched and shorter than male songs. We detected no sex differences in
the number or order of syllables, however, interestingly, answers were shorter than duet
initiations and solos, and, during the breeding season, songs that initiated duets were
characterized by higher syllable diversity than were answers or solos. The fact that males
sing more during the breeding season supports the classical hypothesis that male song
is a sexually selected trait. However, our findings that females sing solos and answer the
majority of male songs to create duets year-round suggests that female song may have
evolved to serve multiple functions not exclusively tied to breeding.
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INTRODUCTION
Most bird song research has been conducted on temperate
male songbirds and supports the hypothesis that male song is
shaped by sexual selection to attract mates and defend territories
(Beecher and Brenowitz, 2005; Catchpole and Slater, 2008).
Conversely, very little information exists on the function or even
the structure of song in female songbirds (Langmore, 1998; Riebel
et al., 2005). However, recent research provides evidence that
female song is common and was likely ancestral in songbirds
(Odom et al., 2014). Thus, to comprehensively investigate the
evolution of song in songbirds, we need to study both male and
female song. Comparing the structure and timing of female and
male songs is a first step in understanding the selection pressures
that may be acting on the songs of each sex (Hall, 2004; Dahlin
and Benedict, 2014).
Female song is particularly common in the tropics and unlike
in temperate regions tropical songbirds may sing throughout the
breeding and non-breeding seasons (Morton, 1996; Stutchbury
and Morton, 2001). While temperate male songbirds use song to
gain access to mates, female animals may use elaborate traits to
compete for resources that increase their survival and fecundity
(Emlen and Oring, 1977;West-Eberhard, 1983). Elaborate female
traits, therefore, may evolve through broader selection pressures,
such as social or natural selection to compete for and maintain
multi-purpose territories or non-breeding resources (Lebas,
2006; Tobias et al., 2012; Clutton-Brock and Huchard, 2013). We
propose, one way to assess whether a trait has been shaped by
sexual selection is to examine whether the trait is used exclusively
during the breeding season. Traits that are used well outside of
the breeding season may have evolved in response to social or
natural selection rather than solely sexual selection (Tobias et al.,
2012).
Most studies that have directly compared male and female
songs have compared structural variation (Logue and Gammon,
2004; Mennill et al., 2005; Rogers, 2005; Brunton and Li, 2006;
Hall, 2006; Molles et al., 2006; Dowling andWebster, 2013; Hahn
et al., 2013; exceptions: Price et al., 2008; Topp andMennill, 2008;
Illes and Yunes-Jimenez, 2009). Comparing structure of male
and female song has revealed interesting trends in the overall
complexity or repertoire sizes of male vs. female song. This has
been used to assess the relative role of sexual selection in shaping
elaboration of male vs. female traits (Mennill et al., 2005; Brunton
and Li, 2006). Similarly, structural similarity and sex-specific
song features have been useful for evaluating sex-role similarity
and individual motivation, especially in duetting species (Logue
and Gammon, 2004; Rogers, 2005; Hall, 2006).
In contrast to song structure, singing behavior and song rates
may be especially informative when considering the breadth of
selection pressures that impact tropical species that live in the
same location year-round (Price et al., 2008; Illes and Yunes-
Jimenez, 2009). Outside of the breeding season, singing is more
likely to mediate competition for resources or social interactions
not related to mating. Comparing male and female song rates
between the breeding and non-breeding seasons is valuable
for determining the relative importance of male and female
songs in regulating breeding vs. non-breeding activities (Tobias
et al., 2012). Two studies report female song rates that exceed
male song rates (Price et al., 2008; Illes and Yunes-Jimenez,
2009). However, no studies have examined how male and female
song rates vary between the breeding and non-breeding season.
Here, we quantify the song rates, as well as song structure of
male and female Venezuelan troupials (Icterus icterus, hereafter
“troupials”) in both the breeding and non-breeding seasons to
provide insight about the function and selection pressures acting
on male and female song.
Troupials, a NewWorld oriole, are a sexually monochromatic,
socially monogamous, tropical-breeding songbird (Jaramillo and
Burke, 1999). Mated pairs maintain territories together year-
round and bothmales and females participate in territory defense
(Odom unpublished data). Territories are predominantly non-
overlapping and nest sites are solitary (Odom unpublished data;
Jaramillo and Burke, 1999). No prior studies have been conducted
on banded populations of troupials and there is no formal
description of their vocalizations. Previous accounts describe
troupial songs as comprising 2–3 repeated, alternating low and
high “whistles” (pure tones) with distinct space between notes
(Jaramillo and Burke, 1999). Both males and females sing solos
and mated pairs often overlap each other’s songs to form duets
(Odom, pers. obs.). Existing accounts also mention high rates
of singing at dawn, but suggest that males are the primary
singers (although others have not had banded populations;
Jaramillo and Burke, 1999). Sex-specific seasonal variation in
dawn singing has not been documented in tropical songbirds
where female song is common. Therefore, we were also interested
to quantitatively compare troupial songs and song rates between
the dawn and day. Troupials are native to NE Colombia,
most of Venezuela, Aruba, Curacao, and Isla Margarita, but
are considered introduced to islands throughout the Caribbean
including Puerto Rico, St. Thomas, the U.S. Virgin Islands, and
Bonaire (Raffaele et al., 1989; Jaramillo and Burke, 1999).
We offer the first comprehensive description of variation
in male and female troupial songs (Figure 1). Our paper has
two goals: (1) quantify the singing behavior and song structure
variation in male and female troupials, and (2) determine
whether male and female singing behavior and song structure
varies as a function of season (breeding vs. non-breeding) or
time of day (dawn vs. day). We discuss our results in the context
of existing information on the function and selection pressures
acting on male and female songs and duets.
Methods
We collected data over three field seasons in the dry forests of
Cabo Rojo National Wildlife Refuge in southwestern Puerto Rico
(17◦590 N, 67◦100 W), constituting two breeding seasons and
one non-breeding season. We recorded Troupials from 10 May
to 30 June 2013, 22 April to 01 July 2014, and 09 November to 18
December 2014. Late April to early May is the beginning of the
wet season in Puerto Rico and the start of the breeding season
for troupials in the dry forests of the island. October to April is
the dry season, which is the non-breeding season for troupials in
our study area. Our non-breeding season research was conducted
in the first half of the non-breeding season, and thereby avoiding
any confounding effects of pre-breeding activities.
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FIGURE 1 | Spectrograms of troupial (Icterus icterus) female (A,C,E) and male (B,D,F) solos and duets (G–I). Female and male songs have similar structure
(A–D) and range from 1 to 3 alternating syllables most often used in repeating motifs. Both female and male songs can have simple (A,B) or complex (E,F) syllable
diversity and order. Duets vary structurally including both male-initiated (G,H; female part of duet underlined by black bars) and female-initiated (I; male part underlined
by gray bars) duets. In addition, both songs and syllables within duets may overlap to varying extents and troupials may use different (G) or similar (H,I) song types as
their mate within duets.
For this study, we focused only on mated, territorial pairs of
troupials. Over the three field seasons, we regularly recorded 16
pairs of troupials. Turnover in mates and territories resulted in a
final sample size of 19 males and 18 females (see Supplementary
Table 1 for a full list of sample sizes and number of songs included
in each analysis). All troupials were banded with individual
and sex-specific celluloid color bands and a USGS aluminum
band. Males were fitted with an aluminum band over a light
blue band on their left leg whereas females received a light
pink over aluminum band on their right leg. Troupials are
sexually monochromatic to human observers, so the colored
leg bands allowed us to identify sexes in the field. Sex was
tentatively assigned in the field by wing length measurements.
Males on average have a wing length of 118.9 mm (±3.3 mm
SD) while female wing lengths average 110.9 mm (±2.4 mm
SD). In the field, sex identification was aided by the presence
of a brood-patch or cloacal protuberance during banding,
and breeding activity afterward (e.g., female nest building
and incubation). We confirmed sex of our mated pairs using
molecular sexing in the lab (Griffiths et al., 1998). In the summer
and fall 2014, each male and female of our mated pairs were fitted
with a very high frequency (VHF) radio tag to further aid in
quick identification and location of individuals (radio transmitter
models Pip Ag386 and Ag393 manufactured by Biotrack).
We recorded birds with a Marantz PMD 661 recorder and
Sennheiser ME67 shotgun microphone with K6 power module.
All field methods and protocols were approved by the University
of Maryland, Baltimore County IACUC committee (approval
number KO010531215) and we had all necessary federal and
state permitting (Federal bird banding permit number 23205 and
Puerto Rico Department of Natural Resources scientific permit
number R-VS-PVS15-SJ-00423-09102014).
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We recorded birds during standardized 1-h observation
sessions. We conducted three sessions within the first 4 h after
sunrise each morning (allowing time between sessions to locate
and identify pair members before the start of each observation).
We cycled through each pair of troupials before re-observing a
pair so that all pairs were regularly observed at least once per
week. Each pair was also observed an equal number of times each
hour of the morning relative to sunrise. During observations,
we recorded and noted male solos, female solos, and duets that
occurred within each observation session, as well as which sex
sang first or second in the duet when we saw who sang which
part of the duet. We defined duets by the presence of temporally
overlapping song. We also noted when one or both pair members
were not present and adjusted song rates to reflect the proportion
of the time birds were present. We did not include songs in the
analysis that were given when we did not know the location of
at least one pair member or when we were uncertain which bird
vocalized. All observations were conducted by two observers so
that each observer could focus on watching one member of the
pair.
All pairs were recorded at least once at dawn during both
the breeding and non-breeding seasons of 2014 (the two seasons
we had radio tags). We began dawn recordings approximately
45 min before sunrise and continued recording until the sun
was visible on the horizon or the pair left the area (whichever
happened first). We used radio tracking to identify and verify
the location of each pair member before we began recording. We
tracked individuals to within 20–30 m of roosting locations to
be confident in each bird’s location. We only included recordings
in which pair members were far enough away from one another
that their radio signals and, therefore, their vocalizations could
be separated spatially and the expected locations of individuals
based on radio tracking matched the location of vocalizing
troupials.
Wemeasured several components of troupial songs, including
song rate, frequency, duration, and song syllable composition.
Songs for fine-structural measurements and composition were
extracted from the full dawn and day time recordings, as well
as a few recordings made prior to playback experiments. For
frequency measurements, we only included recordings with a
strong signal, low noise, and no loud sounds obstructing the
song. For temporal measurements and composition, we used
only songs for which we could clearly see the beginning and
end of the song, as well as the component syllables. There
were some songs that we measured for composition but not
temporal measurements because syllables could be identified but
not measured, or vice versa.
Song Rate
Song rate was calculated for male solos, female solos, and duets
within each recording. Daytime song rates were calculated by
dividing the number of each vocalization type by the time that
one or both pair members were present during an observation
session. For dawn songs, we divided the overall number of each
vocalization type by the duration of the recording (equivalent to
the time we spent in close radio contact with a pair). Ideally, this
overall comparison of solo and duet rates would have included
the component male and female initiation and answer rates,
allowing us to fully reconstruct the individual-level behaviors of
males and females. However, we only observed which individual
initiated or answered duets in 48% of duets (largely because
troupials often fly or are engaged in territorial interactions right
before duetting). Therefore, we used the percent of female and
male day time solo and duet rates from the above analysis and
known duet initiation rates to calculate the percent of male and
female total initiations (solos plus songs used to initiate duets)
and answers (songs used to respond to a mate’s song to form a
duet). In other words, we calculated overall initiation and answer
rates from the component percentages of solo and duet initiation
rates (see Table 2). We only used 2014 data for song rate analyses
because we only had dawn singing rates for 2014. We only used
daytime singing rates for initiation rate calculations because very
few duets or female solos are produced at dawn.
Structure
All fine-structural measurements were completed in RavenPro
v1.4 (Bioacoustics Research Program, 2011).
Frequency Measurements
We used RavenPro’s automated measurements to provide
standardized measures of frequency based on the energy of
the signal rather than the spectrogram itself, including 95%
frequency (upper frequency), 5% frequency (lower frequency),
and 90% frequency bandwidth (Bioacoustics Research Program,
2011; Zollinger et al., 2012). We measured these parameters
for male and female solo songs; substantial overlap of syllables
within duets prevented accurate frequency measurements for
duet initiations and answers. Frequency measurements were
conducted using the Hann window function and transform size
1024 points for an effective frequency resolution of 5.8 Hz. We
also measured peak frequency (the frequency at peak amplitude),
however, peak frequency was highly correlated with all other
frequency measures, so we only include analyses of the previous
three frequency measures.
Temporal Measurements
Wemeasured total duration of male and female solo songs as well
as the component male and female songs from within duets. For
temporal measurements, we used a transform size of 256 points
and we viewed only 4 s of each song at a 100% window width
for an effective time resolution of 0.003 s. We used the end time
subtracted from the begin time of a selection encompassing the
entire song to calculate total duration of each song. We estimated
the beginning and end time of each song on the spectrogram,
but compared the spectrogram to the waveform while making
our measurements to increase our ability to precisely determine
where the first syllable began and last syllable ended.
Syllable Composition
Male and female solo songs, duet initiations, and answers were
measured for composition analyses. Syllables were separated into
discrete syllable types based on overall shape and frequency
range. Each syllable type was assigned a distinct letter code
and a graph network-based approach was used, wherein
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nodes represent syllable type letter codes, and edges represent
transitions between syllables (Sasahara et al., 2012). Four aspects
of song composition were quantified: (1) number of syllables
per song, (2) syllable diversity (number of syllable types per
syllable), (3) number of transitions between syllable types, and
(4) the average minimum path length between all pairs of syllable
types in the graph network. We did not convert transitions to
a rate because doing so resulted in non-normally distributed
principal components. Average minimum path length (hereafter
“path length”) is a graph network metric that measures the
averageminimum distance between nodes (i.e., pairs of syllables).
Path length quantifies an aspect of syntactical orderliness, with
longer paths indicating greater order (Sasahara et al., 2012).
Average minimum path length was calculated in R using the
igraph package (Csardi and Nepusz, 2006; R Core Team, 2015).
We used principal components analysis (PCA) to reduce the
number of variables and account for correlation among variables.
We did not employ rotation because the unrotated solution
was satisfactory, and rotation can complicate interpretation of
components (Jolliffe, 2002). Bartlett’s test of sphericity indicated
that data were suitable for PCA (χ2 = 1852.18, df = 6, p <
0.0001). A scree plot was used to determine the number of
principal components for analysis.
Statistical Analysis
All statistical analyses were performed in R (R Core Team,
2015), except PCA of the composition data, which was conducted
in InfoStat v 2012 (Di-Rienzo et al., 2012). Separate analyses
were conducted for song rate, frequency, duration, and syllable
composition. Song rates were analyzed using non-parametric
Kruskal-Wallis analyses. We used non-parametric analyses for
song rate because the data were continuous and zero-inflated.We
conducted separate, individual tests to compare song rate to the
fixed effects of song type (male solo, female solo, or duet), time
of day, and season and their two-way interactions. To control for
multiple recordings per bird, we averaged song rate by individual
and pooled the averages according to song type, time of day, and
season for each analysis. We assessed variation in answer rates
attributable to sex and season with a generalized linear mixed
model (GLMM) of answer rates with fixed effects sex, season, and
their interaction, and random effects individual and year using
the “lme4” package in R (Bates et al., 2015).
For frequency, duration, and syllable composition analyses
we built linear mixed models (LMM) using the “lme4” package
in R (Bates et al., 2015). For these analyses, we included sex
and season as fixed effects and individual and year as random
effects. Frequency analyses only included songs produced as
solos, whereas duration and composition analyses included male
and female songs both from solo songs as well as the component
male and female songs within duets. Therefore, duration and
composition analyses included an additional fixed effect of role,
which accounted for whether a song was a solo, a duet initiation
(the first song sung in a duet), or an answer (the second bird
to sing in a duet). Time of day was included as a single fixed
effect in a separate LMM than sex, season, and role because we
only had enough measureable dawn songs for males during the
breeding season. Female songs were too infrequent at dawn to
have a large enough sample size for statistical analysis. Therefore
analyses with sex, season, and role were restricted to songs sung
during the day, whereas analyses including time of day included
only males in the breeding season. Analyses with sex, season, and
role also included the two-way interaction terms of sex∗season,
sex∗role, and season∗role. We dropped interaction terms that
did not contribute to a significant portion of the variation in
the full model, assessed by backward selection, resulting in a
reduced model. To assess significance of main fixed effects and
any remaining interactions, we pairwise compared the reduced
model to drop-one models containing all remaining fixed effects
except the one being assessed. We compared each drop-one
model to the full model using an ANOVA F-statistic to produce
p-values. We accepted an alpha-level of p = 0.05 as statistically
significant for all analyses.
RESULTS
Song Rate
Song rate varied significantly depending on song type (male solo,
female solo, or duet) as well as with the interaction of song
type by season and song type by time of day (Table 1; Figure 2).
There was no effect of season or time of day individually or the
interaction of season and time of day (Table 1). These differences
in song rate were driven primarily by disproportionately high
rates of male solos: males sing significantly more solos than
do females and most male songs are solos rather than duets
(Table 1). However, variation in the rates of each song type are
driven primarily by interactions with season and time of day,
as follows (Table 1). Male soloing is prominent at dawn and
during the breeding season. Conversely, females sing very little
at dawn, but sing more solos than males in both the breeding
and non-breeding season (29% of all day songs are female solos
vs. only 12% are male solos; Tables 1, 2; Figure 2). However,
during the day, most oftenmale and female songs are answered to
produce duets (Tables 1, 2; Figure 2). Duets were producedmore
often during the non-breeding vs. the breeding season (Table 1;
Figure 2).
When we considered the individual-level behaviors of male
and female initiation and answer rates, males and females
initiate approximately the same number of songs during the day
TABLE 1 | Song rate analyzed for song type (male solo, female solo, or
duet), season (breeding or non-breeding), time of day (dawn or day) and
their interactions using a Kruskal-Wallis non-parametric analysis of
individual averages.
Data Response
variable
Explanatory variable df X2 p-value
All songs Songs per hour Song type 2 12.75 0.002
Season 1 0.01 0.928
Time of day 1 0.27 0.603
Season *Song type 5 48.17 <0.001
Time of day *Song type 5 27.68 <0.001
Season *Time of day 3 6.23 0.101
Values in bold are statistically significantly different based on a p-value of 0.05.
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FIGURE 2 | Song rates (per hour) for troupial male solos, female solos,
and duets vary significantly from one another (X2 = 12.75, df = 2, p <
0.01) especially between the breeding and non-breeding season (X2 =
27.68, df = 5, p < 0.01) and dawn vs. day (X2 = 48.17, df = 5, p < 0.01).
Bars represent means with standard error bars.
TABLE 2 | Sex-specific rates of solo singing, initiation, and duet answers
show that males and females initiate about the same number of songs but
females answer male songs to form duets at much higher rates than
males answer female songs.
Sex Solos Duet initiations Total initiations Answers
(out of all (out of all (solos + duet
songs) % songs) % initiations) %
Male 12 37 49 42
Female 29 21 51 75
(including solos and duet initiations; Table 2). Females answer
75% of male songs (Table 2). Males, however, answer only 42% of
female songs (Table 2). These values account for the lower rates
of male solo singing during the day: females answer a majority of
male songs, turning them into duets. Females therefore answer a
significantly larger portion of duets (GLMM: sex: X2 = 9.14, df =
1, p < 0.01). Answering rates do not vary with season (GLMM:
season: X2 = 0.01, df = 1, p= 0.92).
Structure
Troupial solos and duets varied considerably in structure and
composition (Figure 1). In our population, most male and
female songs consisted of 1–3 alternating syllables used in
repeated motifs (Figure 1). However, while we noticed that
individual troupials appear to have repertoires of a few song
types (approximately 2–4 song types each for both males and
females), song types are not entirely stereotyped. Both male
and female troupials may substitute notes from one song with
similarly structured notes from another song, or alternate among
motifs after variable numbers of phrase repetitions, creatingmore
complex song types (Figures 1E,F). The timing and extent of
overlap and the song types used in duets also varies widely
(Figures 1G–I). While simple song types were shared by many
individuals in the population, complex song types appeared to
FIGURE 3 | Frequency (A–C) and temporal (D) measurements that were
statistically significantly different between female (F) and male (M)
song (p < 0.01; see Table 4). Note, however, the broad range overlap for all
four parameters. Box and whisker plots show the entire distribution of the
data, including median, 1st and 3rd quartiles, all data within 1.5 times the Inter
Quartile Range beyond the 1st and 3rd quartiles, and outliers.
be shared among fewer individuals. Although, syllables used to
create most song types were widely shared within the population.
Frequency Measurements
Female songs were characterized by significantly higher upper
and lower frequencies and larger frequency bandwidths than
were male songs (Table 4; Figure 3). There was, however,
substantial frequency overlap between male and female song
(Figure 3). Frequency measurements of male and female songs
did not differ between seasons (Table 4). Upper frequencies and
frequency bandwidth did not vary between male dawn and day
songs (Table 4). The lower frequencies of male dawn songs,
however, were marginally significantly higher than those of male
day songs (Table 4). Interaction terms did not contribute to a
significant amount of variation (Lower frequency Sex∗Season:
X2 = 0.004, df = 1, p= 0.94; Upper frequency Sex∗Season: X2 =
1.39, df = 1, p = 0.24; Frequency bandwidth Sex∗Season: X2 =
1.31, df = 1, p= 0.25).
Temporal Measurements
For temporal measurements, there were significant effects of
sex, season, role, and time of day (Table 4). Males produced
significantly longer songs than females (Figure 3; Table 4).
However, the range of female song durations falls entirely
within the range of male song durations (Figure 3). Songs sung
during the breeding season are shorter than songs sung in
the non-breeding season (Table 4). Songs used as answers are
significantly shorter than duet initiations (Table 4), but neither
duet initiations nor answers were significantly different from solo
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songs (Tukey’s post-hoc test of LS means: answerer–initiator: t-
ratio = 2.85, df = 461, p = 0.01; solo–initiator: t-ratio = 0.95,
df = 458, p= 0.61; solo–answerer: t-ratio=−2.11, df = 467, p=
0.09). Lastly, male dawn solos were significantly longer than male
daytime solos (Table 4). Interaction terms did not contribute to
a significant amount of variation (Sex∗Season: X2 = 3.05, df =
1, p = 0.08; Sex∗Role: X2 = 1.94, df = 2, p = 0.38; Season∗Role:
X2 = 1.52, df = 2, p= 0.47).
Syllable Composition
Scree plot analysis indicated that the first two principle
components were appropriate for analysis (eigenvalues = 2.04
and 1.57). Together, they explain 90% of the variation (PC1 =
51% and PC2= 39%) in the composition variables. High values of
PC1 characterize songs with many syllables and many transitions
between syllable types (Table 3). High values of PC2 characterize
songs with many syllable types arranged in an orderly syntax.
The composition of songs sung during the day (both within
duets and as solos) did not differ by sex (Table 4). The significant
effect of season on PC1 indicates that non-breeding season songs
were longer and contained more transitions than did breeding
season songs. Answers were characterized by fewer syllables
and transitions than either solos or initiations, but solos and
initiations were statistically indistinguishable (Tukey’s post-hoc
test of LS means: answer vs. initiation: t-ratio=−3.90, df = 614,
p= 0.0003; answer vs. solo: t-ratio=−4.06, df = 613, p= 0.0002;
initiation vs. solo: t-ratio= 0.23, df = 606, p= 0.97).
There was a significant role-by-season interaction in the
PC2 model. Examination of the interaction plot revealed that
between-season changes in initiations were the primary driver
of this interaction (Figure 4). Specifically, initiations had higher
syllable type diversity and path lengths in the breeding season
than they did in the non-breeding season (initiation breeding vs.
initiation non-breeding: t-ratio = −3.58, df = 253, p = 0.0055).
The only statistically significant role-by-season comparison
that did not involve breeding season initiations indicated that
breeding season answers had lower values of PC2 than did
breeding season solos (t-ratio=−3.01, df = 601, p= 0.033).
We did not detect significant compositional differences
between male songs that were sung before dawn, vs. those sung
during the day (Table 4). The residuals of LMMs for all structural
analyses were approximately normal and homoskedastic.
DISCUSSION
Troupials have notable sex differences in their singing behavior.
Males sing most during the breeding season at dawn, whereas
TABLE 3 | Principle Component Analysis (PCA) loading values for troupial
song composition data.
Variable PC1 PC2
Number of syllables 0.65 −0.17
Syllable diversity −0.21 0.74
Number of transitions 0.64 0.05
Path length 0.35 0.65
females sing consistently year-round during the day. Similar to
female songs, duets are produced year-round, but duets occur at
higher rates during the non-breeding season. Females appear to
play a large role in shaping daytime vocal behavior: females and
males initiate similar numbers of day songs, but females answer a
majority of male songs to create duets. Male and female troupial
songs exhibit some differences in frequency and duration, but
have similar syllable composition. These results suggest male and
female song structure is under similar selection pressures, but
that the selection pressures influencing male and female singing
behavior varies. While key aspects of male singing behavior seem
to be under classical breeding season pressures, female singing
behavior may be influenced by a range of selection pressures that
likely includes sexual as well as broader social or natural selection
pressures.
Song and Duet Rates and Selection
Pressures
The year-round occurrence of duets but increased rate in
the non-breeding season suggests that song answering likely
functions in resource defense (Hall, 2004). Troupials eat fruits
and insects, resources that may be particularly limited during
the dry, non-breeding season (Skutch, 1996; Jaramillo and
Burke, 1999). To defend an area suitable to encompass sufficient
amounts of these resources may require increased territory
defense in the non-breeding season. In addition, the non-
breeding season may be a time of year when hatch-year birds
are dispersing and attempting to establish territories. Increased
territory defense may be required at this time of year to deter
dispersing birds from foraging or settling within inhabited
territories.
We were surprised to find that female answer rates exceeded
male answer rates. Sex differences in answering rates could
evolve as a consequence of sex differences in the costs
FIGURE 4 | An interaction between singing role and season explains
variation in troupial song composition. Composition PC2 measures
syllable diversity and average minimum path length between syllable types.
Seasonal differences in initiating songs are the primary driver of the interaction
effect. Bars represent least squares means with standard error bars.
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TABLE 4 | Linear mixed effect models indicate the relative effects of sex (male or female), season (breeding or non-breeding), role (solo, duet initiation, or
answer) and time of day (dawn or day) on structural frequency, temporal, and composition measurements of troupial songs.
Measurement Data Response variable Explanatory variable Value SE df X2 p-value
Frequency Male and female day solos Lower frequency Sex: male −107.55 59.41 1 7.01 <0.01
Season: breeding −50.48 31.73 1 3.16 0.08
Upper frequency Sex: male −486.21 112.74 1 20.87 <0.01
Season: breeding −27.06 58.78 1 0.03 0.87
Bandwidth Sex: male −381.45 118.15 1 11.54 <0.01
Season: breeding 24.60 60.86 1 1.21 0.27
Male dawn and day solos Lower frequency Time of day: day −60.51 30.06 1 3.87 0.05
Upper frequency Time of day: day 24.57 76.11 1 0.10 0.75
Bandwidth Time of day: day 80.81 72.48 1 1.20 0.27
Temporal All day songs Duration Sex: male 2.42 0.67 1 10.45 <0.01
Season: breeding −1.27 0.54 1 21.90 <0.01
Role: 2 8.72 0.01
Soloist −0.18 0.54
Answerer −1.24 0.55
Male dawn and day solos Duration Time of day: day −2.58 0.6 1 17.91 <0.01
Composition All day songs PC1 Sex: male 0.30 0.23 1 1.84 0.18
Season: breeding −0.31 0.12 1 6.54 0.01
Role: 2 20.36 <0.01
Soloist 0.55 0.14
Initiator 0.58 0.15
PC2 Sex: male 0.11 0.19 1 0.35 0.55
Season: breeding −0.14 0.20 3 16.46 <0.01
Role: 4 27.58 <0.01
Soloist 0.27 0.20
Initiator −0.03 0.21
Season * Role: 2 13.28 <0.01
Breeding—Initiator 0.91 0.27
Breeding—Soloist 0.19 0.25
Male dawn and day solos PC1 Time of day 0.16 0.24 1 0.008 0.93
PC2 Time of day −0.16 0.18 1 0.75 0.39
See text and Figure 4 for post-hoc pairwise comparisons and details of the interaction effect, respectively. Values in bold are statistically significantly different based on a p-value of
0.05.
and benefits of song answering (Hall, 2004). Temporally
overlapping answers by one sex have been cited as evidence
of mate guarding by the overlapping sex (Sonnenschein and
Reyer, 1983; Tobias and Seddon, 2009; Dowling and Webster,
2015). In troupials, there is no obvious reason for females
to guard mates, especially during the non-breeding season,
and indeed, both sexes of troupials overlap the mate when
answering. Females, however, could overlap male songs in
the non-breeding season to prevent usurpation of mates by
advertising that their male is taken at a time when many
young females may be available and establishing new territories.
This presents an interesting scenario where female answering
could prevent mate loss outside of the breeding season in
a way that ties into pair-bond maintenance for the breeding
season. However, it is important to note that our analyses
were conducted on already mated pairs of troupials, so the
abundance, timing, and selection pressures on singing behavior
might vary among unmated individuals. Moreover, pre-breeding
activities represent a time when physiological changes pertaining
to breeding activity are occurring, so would be a particularly
interesting time to examine sexually selected pressures on singing
behaviors.
Sex Differences in Song Structure
Female troupial songs are higher pitched and shorter than male
songs. Females also have a larger overall frequency bandwidth
compared to males, caused by the fact that the high frequencies
within female songs are disproportionately higher than their
lower frequencies (Figure 3). Female songs are also shorter than
male songs, yet, we did not find any differences in number of
syllables or syllable composition between male and female songs,
suggesting that female songs may just be faster paced. Indeed,
visually, some female songs appear to have slightly shorter inter-
note intervals than male songs. This is interesting, in the context
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of selection pressures and performance trade-offs that are known
to exist between frequency bandwidth and syllable rate for certain
temperate male songbirds (Podos, 1997; Podos and Nowicki,
2004; Byers et al., 2010). However, information is needed on
whether females are actually singing more rapid songs than
males.
The frequency and temporal differences we detected between
male and female troupial songs were subtle; they would not
allow for sex identification with high confidence (Figure 3).
Moreover, we did not detect any differences in note composition
between the sexes. Overall, troupial songs are remarkable for their
relative lack of sexual dimorphism. Some species, including some
monochromatic species, exhibit distinctive sex-specific songs or
structural features (Mennill et al., 2005; Rogers, 2005; Logue et al.,
2007). However, in other species, males and females have similar
overall structure, but differ in a few, continuous parameters,
such as frequency or number of syllables (Mennill et al., 2005;
Brunton and Li, 2006; Illes and Yunes-Jimenez, 2009). Some of
these species have fairly substantial differences in pitch or syllable
number that even allows researchers to distinguish among males
and females (Mennill et al., 2005). In still other species, males
and females exhibit different levels of vocal complexity that may
be indicative of selection for more elaborate songs in one sex
over the other (Brunton and Li, 2006; Illes and Yunes-Jimenez,
2009). However, we suggest that troupials exhibit less sexually
distinct songs than most previously examined species, supported
by the substantial overlap of frequency and duration of their
songs (Figure 3). While it is important to examine the possibility
of sex differences, a lack of or reduced sexual variation may also
be biologically meaningful or informative, especially in a sexually
monochromatic, year-round territorial species that may share
sex-roles.
Differences in Song Composition between
Initiators and Answers
We observed that song structure depended on whether the song
was used as a solo, to initiate a duet, or to answer within a duet.
This finding emphasizes the importance of examining individual-
level analyses within duets that allow for variation among
initiators and answers, in addition to sex-specific variation.
Our finding that songs sung as answers have fewer syllables
and less order than solos or duet initiations complements our
finding that answers are also shorter than duet initiations. We
conclude that birds use short songs to answer their mates.
More interestingly, during the breeding season duet initiations
were characterized by substantially higher syllable diversity and
syntactical structure than either solos or answers. We offer three
possible explanations for this finding. First, initiators “know”
they are likely to be answered and sing a specific song type.
Second, initiators may begin solos and initiations the same (e.g.,
because they do not “know” if they will be answered), but then
change them after they have been answered (Tobias and Seddon,
2009). Third, mates may preferentially answer more complex
songs. Testing these alternative hypotheses by examining the
fine-scale structure of initiations relative to the timing of answers
would shed light on the mechanisms and functions of duet
singing in this and other species that duet by overlapping the
mates’ songs.
Seasonal and Diel Variation
Temporal and composition analyses revealed that non-breeding
season songs are longer and contain more transitions than do
breeding season songs. Such seasonal variation is consistent with
the general trend toward more day time song output in the non-
breeding season. This further supports the hypothesis that one
function of troupial songs is to mediate competition for scarce
resources in the dry season.
Overall, there was little variation in the structure of male songs
between dawn and day despite greatly heightened song rates at
dawn. Dawn songs were longer than day songs and had higher
low frequencies. Male dawn and day songs had similar syllable
composition. Since male songs are longer at dawn with little
differences in syllable number or order, perhapsmales sing slower
at dawn. Based on visually comparing male dawn and day songs,
this appears to be true for some males, but varies by song type.
CONCLUSIONS
Female vs. male singing behavior differs in ways that have
interesting implications for understanding selection pressures
acting on females and males. Increased male solo singing rates
during the breeding season at dawn are consistent with the
classical view of male song as a trait that has evolved under the
influence of female choice. The use of both male and female
song year-round, both as solos and duets, indicates that male
and female song also serve functions that are not tightly tied
to mating. The increased rate of duetting in the non-breeding
season specifically supports the use of duets for year-round
territory defense. The finding that female answer rates exceed
male answer rates could be viewed as supporting the hypothesis
that answering functions in mate guarding or it could reflect
the different ways in which males and females participate in
resource defense (Hall, 2004). Male and female songs were
surprisingly similar in structure suggesting that sex-roles are
fairly similar, as might be predicted in year-round territorial
species (Stutchbury and Morton, 2001). Variation in troupial
song structure based on whether a bird initiates or answers a duet
indicates that troupial song composition may be more flexible
than traditionally recognized, especially compared to songbird
species that crystalize song early in life.
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